A rice orthologue of the ABA receptor, OsPYL/RCAR5, is a positive regulator of the ABA signal transduction pathway in seed germination and early seedling growth Transgenic rice plants expressing OsPYL/RCAR5, a PYL/RCAR orthologue of rice, were found to be hypersensitive to ABA during seed germination and early seedling growth. A rice ABA signalling unit composed of OsPYL/RCAR5, OsPP2C30, SAPK2, and OREB1 for ABA-dependent gene regulation was further identified, via interaction assays and a transient gene expression assay. Thus, a core signalling unit for ABA-responsive gene expression modulating seed germination and early seedling growth in rice has been unravelled. This study provides substantial contributions toward understanding the ABA signal transduction pathway in rice.
Introduction
The phytohormone abscisic acid (ABA) is a multifunctional plant hormone which plays a role in several different physiological processes including seed dormancy, abiotic stress tolerance, senescence, and developmental differentiation of plants. In particular, it has been characterized as a stress hormone because it is an important endogenous small molecule that mediates stress responses, including stress-responsive gene expression, stomatal closure, and vegetative growth modulation (Adie et al., 2007; McCourt and Creelman, 2008; Rodriguez-Gacio Mdel et al., 2009 ). Thus, a great deal of effort has been focused on elucidating the molecular mechanisms underlying ABA sensing and signalling over the past few decades (Umezawa et al., 2010) .
For example, ABA-dependent gene expression mechanisms have been particularly well characterized with respect to key signalling kinases and phosphatases that connect the upstream signalling perception to downstream gene responses in Arabidopsis (Kuhn et al., 2006; Nakashima et al., 2009; Sirichandra et al., 2010) . In the absence of ABA, clade A protein phosphatase 2Cs (PP2Cs) including ABSCISIC ACID INSENSITIVE 1 (ABI1), ABI2, PP2CA/AHG3, AHG1, HAB1, and HAB2 inhibit SnRK2 subclass III kinase activity via dephosphorylation. In the presence of ABA, the PP2Cs are inactivated, and autophosphorylated SnRK2s become active (Umezawa et al., 2009) . Activated SnRK2s phosphorylate and activate ABFs, which are bZIP transcription factors that bind to ABA-responsive elements (ABREs). As a consequence, active ABFs promote the expression of ABA-responsive genes such as RD29 and RAB16 (Kagaya et al., 2002; Sirichandra et al., 2010) . However, how ABA is perceived and involved in the inactivation of clade A PP2Cs have represented missing pieces of the puzzle in the ABA signalling pathway.
Recently, two independent research groups discovered novel intracellular ABA receptors, PYL/RCARs, that are involved in ABA sensing and signalling via their direct interaction with clade A PP2Cs in Arabidopsis thaliana. One group used yeast two-hybrid assays to identify proteins that interact with ABI1, a member of clade A PP2Cs . These interactors, referred to as RCARs (regulatory components of ABA receptors), were intracellular ABA receptors, according to the results of ABA binding assays and ABA-responsive phenotype assays using gain-and lossof-function mutants . Another group isolated the same ABA receptors via map-based cloning of the pyrabactin-(an analogue of ABA) resistant mutant 1 (pyr1), and named them as PYR and PYR-like (PYL) Santiago et al., 2009b) .
Both research groups demonstrated that ABA-bound PYL/RCARs interact with clade A PP2Cs and inhibits their phosphatase activity, resulting in an activation of subclass III SnRK2s in the presence of ABA. Consequently, ABA signalling is activated and the expression of ABA-responsive genes, such as RD29 and RAB16, is induced. Fujii et al. (2009) reconstituted the core components of the ABA signal transduction pathway consisting of PYLs, PP2Cs, SnRK2 subclass III, and ABFs in Arabidopsis protoplasts, and determined that these were necessary and sufficient for the ABA-dependent expression of luciferase fused to the RD29B promoter. These results showed that PYL/RCARs are a central piece of the puzzle regarding the manner in which ABA is perceived and involved in ABA-responsive gene regulation. After the genetic and biochemical identification of PYL/RCARs as cellular ABA receptors, several groups have determined the protein structure of the complex bewteen PYL/RCARs and PP2Cs via X-ray crystallography (Melcher et al., 2009 (Melcher et al., , 2010 Miyazono et al., 2009; Nishimura et al., 2009; Peterson et al., 2010) . ABA binding appears to change the structure of PYL/RCARs and exposes the interface at which clade A PP2Cs bind, and such an interaction locks the ABA-binding pocket of the receptor. In plants, cellular ABA receptor PYL/RCAR orthologues appear to be highly evolutionarily conserved (Klingler et al., 2010; Umezawa et al., 2010) . Umezawa et al. (2010) demonstrated, on the basis of bioinformatic analyses, that a bryophyte has four ABA receptor homologues but that vascular plants have >10 homologues. Despite their importance, PYL/RCARs in monocot plants have only recently been identified based on sequence homology, but their functions have not been identified yet. In this study, an attempt was made to determine whether the rice PYL/RCAR orthologues were authentic ABA receptors, and to characterize their physiological functions. The hierarchy of interactions among the components of the ABA signal transduction pathway consisting of PYL/RCAR, PP2Cs, SAPKs, and a bZIP transcription factor was also identified. All of these components were subsequently reconstituted in Arabidopsis protoplasts in an effort to reconfirm whether this interaction network was necessary and sufficient to induce ABA-dependent gene expression. The understanding of a complete ABA signal transduction pathway in rice will provide useful information to improve the abiotic stress tolerance of crop plants.
Materials and methods
Plant materials, growth conditions, and transformation of rice Oryza sativa cv Dong-Jin was used in this study. Rice seed surfaces were sterilized by treatment with 70% alcohol for 3 min, treatment with 50% ROX containing Tween-20 for 20 min, treatment with 50% ROX for 20 min, and eight washes with distilled water. These seeds were grown on half-strength Murashige and Skoog (MS) medium (supplemented with 1% sucrose, 0.4% phytagel and adjusted to pH 5.8) for 2 weeks under long-day conditions (16 h light and 8 h darkness). The coding sequence of the OsPYL/ RCAR5 gene was amplified via PCR from first-strand cDNA. The PCR product was inserted into pENTR/D-Topo (Invitrogen) and then transferred to a pGA2897 vector via an LR recombination reaction of the Gateway system. The resultant Ubi::OsPYL/ RCAR5 construct, in which OsPYL/RCAR5 is fused to the constitutive maize ubiquitin promoter, was transformed into Agrobacterium tumefaciens LBA4404 via electroporation. Rice transgenic plants were generated by the Agrobacterium-mediated co-cultivation method and the transformants were selected based on hygromycin resistance and subsequently grown in a greenhouse (Toki et al., 2006) .
Germination assay and post-germination assay
Surface-sterilized dehulled seeds were planted on half-strength MS medium supplemented with 0, 2, and 5 lM ABA (2-cis-4-transabscisic acid, 98% synthetic, Sigma-Aldrich). Seeds that formed green shoots were scored as germinated. Seed germination was scored every 12 h for 5 d. Germinated seedlings were then transferred to half-strength MS medium containing hygromycin (40 mg l À1 ) to determine whether they came from transgenic seeds after germination. Germination rates were measured by counting only transgenic seeds.
For post-germination assays, surface-sterilized dehulled seeds were planted on half-strength MS medium containing hygromycin (40 mg l
À1
). Five days after planting, similarly grown transgenic plants were transferred to half-strength MS medium supplemented with 0, 2, 5, or 10 lM ABA in square Petri dishes (125325320 mm) and grown vertically. Seedling growth was measured 7 d after the transfer.
RT-PCR and quantitative PCR Total RNA was isolated from 2-week-old seedlings using the RNeasy Plant Mini Kit (Qiagen). Contaminating genomic DNA was digested using recombinant DNase I (RNase-free) (Takara Bio Inc. Ohysu, Japan). From total RNA (5 lg), first-strand cDNA was synthesized with oligo(dT) and random hexamers using the Superscript Reverse Transcriptase first-strand synthesis system (Invitrogen). RT-PCR and quantitative PCR were carried out with internal primers and normalized based on the expression of Ubi5, and relative gene expression was analysed via the DDCt method (see Supplementary Table S1 available at JXB online).
Yeast two-hybrid assay Yeast two-hybrid assays were conducted using the Matchmakerä GAL4 two-hybrid system 3 (Clontech). The PCR products were cloned into the pGEM T-easy vector (Promega), digested with restriction enzymes, and cloned into yeast two-hybrid vectors. OsPP2Cs and OREB1 were cloned into pGADT7, resulting in fusion to the GAL4 activation domain. OsPYL/RCARs and SAPKs were cloned into pGBKT7, resulting in fusion to the GAL4 DNA-binding domain. Using the LiOAC method, each pair of constructs was co-transformed into Saccharomyces cerevisiae strain AH109 (MATa, 112, gal4D , gal80D, LYS2::GAL1UAS-GAL1TATA-HIS3, GAL2UAS-GAL2TATA-ADE2, URA3::MEL1UAS-MEL1TATA-lacZ, MEL1), and subsequently plated on SD minimal media (Clontech Inc.) without leucine and tryptophan, then transferred to selection medium without leucine, tryptophan, and histidine, supplemented with 1.5 mM 3-AT (3-amino-1, 2, 4-triazole). Growth was assessed 4 d after transfer.
Rice protoplast isolation
Protoplasts were isolated from etiolated young seedlings (Chen et al., 2006) . Surface-sterilized rice seeds were grown on halfstrength MS (supplemented with 1% sucrose, 0.4% phytagel and adjusted to pH 5.8) under continuous light conditions for 3 d at 28°C and transferred to 25°C dark conditions for 10 d to induce etiolation. The etiolated leaves were chopped and dipped in K3 enzyme solution [K3 solution with 0.4 M sucrose, 1.5% cellulase R-10 (Yakult Honsa Co., Ltd, Tokyo, Japan), and 0.3% macerozyme R-10 (Yakult Honsha)] supplemented with ampicillin (100 mg l À1 ). This was infiltrated via vacuum for 40 min, followed by 3-5 h of incubation on a shaking incubator. The chopped tissue with K3 enzyme solution was then filtered via centrifugation through miracloth for 4 min at 300 g. An equal volume of W5 solution (154 mM NaCl, 125 mM CaCl 2 , 5 mM KCl, and 2 mM MES, adjusted to pH 5.8) was added to the filtered K3 solution and mixed. Pelleted protoplasts were resuspended in suspension medium (0.4 M mannitol, 20 mM CaCl 2 , and 5 mM MES, adjusted to pH 5.7). A 10-20 lg aliquot of plasmid DNA was added to this protoplast solution, and it was then mixed with a 40% polyethylene glycol (PEG) solution [40% PEG 4000, 0.4 M mannitol, and 100 mM Ca(NO 3 ) 2 , adjusted to pH 7.0]. For transfection, the mixture was incubated for 30 min at 25°C in darkness. W3 solution (500 ll, 1 ml, 2 ml, and 5 ml) was added stepwise for dilution of the PEG solution. After centrifugation, the protoplast pellet was resuspended in W5 solution, and then incubated overnight at 25°C in darkness.
Subcellular localization and bimolecular fluorescence complementation (BiFC)
For green fluorescent protein (GFP) fusion protein expression, the PCR products were inserted into pENTR/D-topo and recombined via an LR recombination reaction into the pMDC83 vector. The fusion constructs (10 lg) were employed for the transfection of rice protoplasts. GFP fluorescence was observed using a fluoview FV300 CLSM system (Olympus Ltd, London, UK) 1 d after transfection.
For BiFC assays, the PCR products for OsPYL/RCAR5, OsPP2C30, and OREB1 were cloned into pSPYNE(R)173, resulting in fusion with the N-terminal portion of the yellow fluorescent protein (YFP) sequence. OsPP2C30, SAPK2, and SAPK4 PCR products were cloned into pSPYCE(M), resulting in fusion with the C-terminal portion of the YFP sequence (Waadt et al., 2008) . Rice protoplasts were transfected with various pairs of plasmid DNAs (10-20 lg). GFP fluorescence was evaluated using a Fluoview FV300 CLSM system (Olympus Ltd) 1 d after transfection. For transient expression, A. tumefaciens strain GV3101 harbouring each construct was employed along with the p19 strain for the infiltration of 6-week-old Nicotiana benthamiana leaves. For microscopic analyses, leaf discs were cut 4 d after infiltration. The lower epidermis cells were analysed under confocal microscopy (model Zeiss 510 UV/Vis Meta) using LSM Image Browser software.
Transient gene expression in Arabidopsis thaliana protoplast
Arabidopsis protoplast isolation and transient expression assays were followed as previously described (Yoo et al., 2007) . Plants were grown on soil under 14 h light and 10 h dark conditions at 23°C for 4 weeks. Freshly isolated leaf mesophyll protoplasts were co-transfected with the designated effector plasmids and ABRE promoter::firefly luciferase reporter plasmids. A UBQ10 promoter::renilla luciferase plasmid was employed as a transfection control. Reporter activities were measured using a dual luciferase assay system in accordance with the manufacturer's instructions (Promega). For evaluations of ABA response, 10 lM ABA (Sigma) was applied 1 h after transfection, and then additionally incubated for 5 h at room temperature.
Protein expression was monitored via protein blot analysis using commercially available horseradish peroxidase (HRP)-conjugated antibodies raised against haemagglutinin (Roche) and flag (Sigma) epitopes.
Results
Rice orthologues of Arabidopsis ABA receptors, PYL/ RCARs, are highly conserved and classified into three clades
In order to isolate PYL/RCAR orthologues from rice, the rice protein database was searched using 14 Arabidopsis PYL/RCAR amino acid sequences as queries at the Rice Genome Annotation site (http://rice.plantbiology.msu.edu/ blast.shtml). Thirteen ABA receptor candidates that showed e-values <e À10 in BLASTP analysis were found. These genes were aligned using Clustal W, and the motifs and amino acid residues that are highly conserved in Arabidopsis counterparts were subjected to comparative analysis. Completely conserved residues in both Arabidopsis and rice proteins were highlighted in black using the GeneDoc program. Os02g15620 and Os06g33490 were found to have deletions in the N-terminal region, and Os06g33480 has deletions in the C-terminal region. Thus, it appears likely that those genes are not functional ABA receptors, and that there are, at most, 10 functional PYL/RCAR orthologues in rice. The putative rice ABA receptors were named OsPYL/ RCARs with suffix numbers. In order to compare genetic diversity among the proteins, a phylogenetic tree of the rice and Arabidiopsis PYL/RCARs was built using the Neighbor-Joining method in the MEGA 4.0 software package. The phylogenic tree showed that these families could be categorized into three subgroups (see Supplementary Fig.  S1 at JXB online).
Constitutive expression of OsPYL/RCAR5 leads to an ABA-hypersensitive phenotype in seed germination and early seedling growth stages
In an effort to examine whether the rice orthologues of PYL/ RCARs are real functional ABA receptors, a gain-of-function approach was initially adopted. This may allow gene redundancy issues to be overcome. For example, single and double mutants of pyr1 and pyl4 showed no ABA-responsive phenotypes due to gene redundancy. In contrast, the overexpression of Arabidopsis RCAR1 or PYL5 exhibited hypersensitivity phenotypes in ABA-related seed germination and root growth inhibition Park et al., 2009) .
Os05g12260, named OsPYL/RCAR5, was selected for functional analysis because it is the highest homology with RCAR1 and it showed clear ABA-dependent interaction with subclass A PP2Cs in yeast two hybridization ( Fig.  4A; Supplementary Fig. S1 at JXB online). Transgenic rice plants constitutively expressing OsPYL/RCAR5 were generated. Ten independent transformants were selected in hygromycin medium and further confirmed by genomic PCR of the hygromycin resistance gene (data not shown). The overexpression of OsPYL/RCAR5 was confirmed by RT-PCR and quantitative PCR. The expression level of OsPYL/RCAR5 was >40-50 times higher than that of the wild type, showing that the transgenic plants express the OsPYL/RCAR5 constitutively (Fig. 1A) . A germination assay was conducted to monitor the ABA-related phenotype of the transgenic plant lines. All transgenic lines tested showed ABA-hypersensitive phenotypes in germination assays, and three lines were ultimately selected for further study. The transgenic lines showed delayed germination, even in MS medium, and the rate of inhibition of germination was correlated positively with the concentration of ABA in the media, and at 5 lM ABA, the transgenic rice seeds were unable to germinate even after 5 d (Fig. 1B) . Post-germination assay results further demonstrated the ABA-hypersensitive phenotype of the transgenic rice lines. After germination, the seedlings were transferred into half-strength MS medium with various concentrations of ABA. The growth of roots and shoots of the OsPYL/RCAR5-overexpressing transgenic lines were both inhibited significantly in the MS medium supplemented with ABA compared with growth in MS medium. These ABA-hypersensitive phenotypes indicate that OsPYL/ RCAR5 might be a functional orthologue of PYL/RCARs that performs a function in seed germination and early seedling growth in rice.
Constitutive expression of OsPYL/RCAR5 increases expression of the ABA-responsive genes under ABA treatment
It has been demonstrated that OsPYL/RCAR5 is a positive regulator in ABA signalling via phenotypic analysis of overexpressing transgenic lines (Figs 1, 2) . In order to examine whether OsPYL/RCAR5-overexpressing transgenic lines could regulate expression of ABA-inducible genes, the expression of ABA-inducible marker genes was monitored by real-time PCR. The rice LEAs (late-embryogenesis abundant) genes such as RAB16A, LEA3, and LIP9 are induced by ABA and have ABREs in the promoter region of those genes (Fukao et al., 2011) . In the present experiment, those genes were also highly induced under ABA treatment in both the wild type and OsPYL/RCAR5-overexpressing transgenic lines, and they were expressed significantly more in OsPYL/RCAR5-overexpressing rice than in the wild type. With no ABA treatment, the gene expression of the tested LEA proteins was not induced in either the wild type or OsPYL/RCAR5-overexpressing transgenic lines.
OsPYL/RCAR5 interacts with clade A rice PP2Cs in an ABA-dependent manner
In Arabidopsis, ABA signalling is mediated by physical protein-protein interaction between PYL/RCARs and clade A PP2Cs. AHG3 of Arabidopsis clade A phosphatases was known to function specifically in seed germination and early seedling growth (Kuhn et al., 2006; Yoshida et al., 2006) , Rice orthologues of AHG3, Os03g16170, Os05g38290, and Os01g62760, were cloned, named according to nomenclature described by Xue et al. (2008) , and their gene expression patterns were analysed in three different tissues (see Supplementary Fig. S2 at JXB online). All these genes were dominantly expressed in seeds, although they were also expressed in other tissues. These genes were also induced by ABA treatment (see Supplementary Fig. S2 ). In order to determine whether OsPYL/RCAR5 can interact with these OsPP2Cs proteins, the protein-protein interactions between three OsPP2Cs and OsPYL/RCAR5 were analysed using a yeast two-hybrid system. In an effort to confirm the interaction specificity, OsPYL/RCAR3 (Os02g15640), which has the highest homology with OsPYL/RCAR5, was used as a control. In the yeast two-hybrid assay, OsPYL/RCAR3 did not interact with the three PP2CAs. However, OsPYL/ RCAR5 interacted with the three OsPP2CAs depending on ABA. (Fig. 4A) . In Arabidopsis, it has already been reported that PYL/RCARs interact with clade A PP2Cs in an ABAdependent fashion using the yeast two-hybrid assay Park et al., 2009; Santiago et al., 2009b) . When 10 lM ABA was added to the selection medium, these treatments did indeed affect the interaction between OsPYL/RCAR5 and three OsPP2Cs, with the notable exceptions of OsPYL/ RCAR5 and OsPP2C09 (Fig. 4A ). In the presence of ABA, but not in its absence, OsPYL/RCAR5 interacted with OsPP2C49 and OsPP2C30. However, OsPP2C09 interacted with OsPYL/RCAR5 independently of ABA. These results provide evidence that OsPYL/RCAR5 might function as an ABA receptor, implying that the ABA-sensing mechanism is conserved in both rice and Arabidopsis.
The OsPYL/RCAR5-OsPP2C30 complex is localized to the nucleus
The interaction between OsPYL/RCAR5 and OsPP2C30 in planta was further confirmed by BiFC experiments. OsPYL/RCAR5 was cloned into the pSPYNE(R)173 vector, which contain the N-terminal 155 amino acids of YFP, and three OsPP2Cs were cloned into the pSPYCE(M) vector, containing the C-terminal 84 amino acids of YFP. Combinations of BiFC constructs were expressed transiently in N. benthamiana leaves via agroinfiltration. The fluorescence was strongly detected in tobacco epidermis cells with OsPYL/RCAR5 and OsPP2C30 (Fig. 4B) . The OsPYL/RCAR5-OsPP2C30 complex was clearly localized in the nucleus (Fig. 4B ).
The BiFC experiments were then carried out in rice protoplasts in order to confirm the interaction between OsPYL/RCAR5 and OsPP2C30 in its own system. Fluorescence was detected and clearly localized in the nucleus (Fig.  4B, C) . It has been determined that both RCAR1-ABI1 and PYL5-HAB1 complexes are localized within the cytoplasm as well as in the nucleus Santiago et al., 2009b) , whereas the FsPP2C1-PYL8 complex is localized specifically in the nucleus; this finding is consistent with the present results (Saavedra et al., 2010 ). An attempt was also made to clarify the subcellular localization of OsPYL/RCAR5 and OsPP2C30 in the cell via the transient expression of GFP fusion proteins in tobacco epidermis cells and rice protoplasts. OsPYL/ RCAR5::GFP was detected in both the cytosol and the nucleus (Fig. 4B, C) . In contrast, OsPP2C30::GFP was clearly localized only within the nucleus (Fig. 4B, C) . In order to examine whether ABA affects the interaction or localization of OsPYL/RCAR5::GFP, OsPP2C30::GFP, and the OsPYL/RCAR5-OsPP2C30 complex, 10 lM ABA was sprayed onto the agroinfiltrated tobacco leaves or 1 lM ABA was added to the transfected protoplasts. The application of ABA caused no changes in the complex interaction or subcellular localization (data not shown). This result is similar to the subcellular localization of the FsPP2C1-PYL8/RCAR3 complex. The complex localization was also not affected in the absence or presence of ABA (Saavedra et al., 2010) . It is assumed that the agroinfiltrated tobacco leaves and rice protoplasts might have a sufficient physiological quantity of ABA to induce the interaction between OsPYL/RCAR5 and OsPP2C30 since agroinfiltration and making the protoplasts cause quite harsh wounding and stress to the cell.
These subcellular localization results were more or less identical in the two different systems of tobacco and rice. Consequently, it is possible that OsPP2C30 might determine the subcellular localization of the OsPYL/RCAR5-OsPP2C30 complex to the nucleus and that the OsPYL/ RCAR5-OsPP2C30 complex functions in the nucleus in ABA signalling.
SAPK2 can induce ABA-dependent gene expression mediated by OREB1
SnRK2 subclass II and subclass III have been identified as signalling kinases involved in ABA signalling in Arabidopsis (Boudsocq et al., 2004; Kobayashi et al., 2004 Kobayashi et al., , 2005 . However, only SnRK2 subclass III was known to be involved in ABA signalling. In order to determine whether SnRK2 subclass I or II plays a specific role in ABAdependent transcription regulation, SAPKs were screened for ABRE-LUC reporter activation through OREB1 using transient gene expression in an A. thaliana protoplast (TEAMP) system. Although a higher order of mutant protoplasts that reduces gene redundancy is ideal for this assay, it was not possible to establish a relatively weak but clear transient activation assay using wild-type protoplasts. When SAPK2, SAPK4, OSRK1/SAPK6, and SAPK7 were individually transfected along with OREB1 and ABRE-LUC and expressed in Arabidopsis protoplasts, SAPK2, a member of SnRK2 subclass II, could induce more than three times as much luciferase gene expression as was observed with the other SAPKs, members of SnRK2 subclass I (Fig. 5A , see Supplementary Fig. S3 at JXB online). This induction was noted even in the absence of ABA, and was enhanced much more in the presence of ABA. The results demonstrate that SAPK2 may predominantly mediate ABA signalling, relative to the other SAPKs tested herein. To verify the function of SAPK2 in ABA-dependent transcription, ABRE-LUC reporter activity was re-examined using a different combination of signalling components from those employed in the previous screening (Fig. 5A) . Three different combinations of constructs [(i) reporter; (ii) reporter and OREB1; and (iii) reporter, OREB1, and SAPK2] were transfected into Arabidopsis protoplasts. Although the OREB1 and reporter co-transfection resulted in a slight induction of the reporter upon ABA supplementation, the addition of SAPK2 markedly increased the induction of the reporter gene, and ABA supplementation increased gene induction 2-fold compared with that observed in the absence of ABA (Fig. 5B) . These results indicate that SAPK2, a SnRK2 subclass II member, could mediate the ABA signal transduction pathway via OREB1 and induces ABA-dependent ABRE promoter activity in rice.
SAPK2 interacts physically with OsPP2C30 and OREB1
In Arabidopsis, interaction and phospho/dephosphorylation between SnRK2s and clade A PP2Cs is one of the principal regulatory mechanisms for ABA signalling. In order to determine whether SAPK2 interacts with OsPP2C30, BiFC assays in tobacco epidermis and rice protoplasts were carried out. Fluorescence was detected for the SAPK2 and OsPP2C30 combination of BiFC, and the complex of SAPK2 and OsPP2C30 was clearly detected within the nuclei of both tobacco epidermis cells and rice protoplasts, consistent with OsPYL/RCAR5 and OsPP2C30, whereas SAPK2::GFP is localized within both the cytosol and the nucleus (Fig. 6) . In order to check whether ABA can change the localization of SAPK2::GFP, 1 lM ABA was added to the transfected protoplasts. The application of ABA caused no changes in its subcellular localization (data not shown). These localization results demonstrate that OsPP2C30 might determine the subcellular localization of the SAPK2-OsPP2C30 and OsPYL/RCAR5-OsPP2C30 complexes to the nucleus, and these complexes function in the nucleus in ABA-dependent gene expression.
It was determined that SAPK2 might be involved in ABA-dependent gene expression through OREB1 using the TEAMP system. Thus, an attempt was made to determine whether SAPK2 interacts with OREB1. It was also determined that OREB1 is an interacting partner of SAPK2 using the BiFC assay (Fig. 6A) . As for the other proteins, this complex is localized within the nuclei of tobacco epidermis cells and rice protoplasts, and OREB1::GFP is localized in the nucleus (Fig. 6A, B) .
Reconstitution of the rice ABA signal transduction pathway consisting of OsPYL/RCAR5, PP2C30, SAPK2, and OREB1
The data above suggest the existence of an ABA signal transduction pathway consisting of OsPYL/RCAR5, OsPP2C30, SAPK2, and OREB1. To verify that these are a unit of the ABA signal transduction pathway in rice, an attempt was made to reconstitute the signalling cascade using the TEAMP system. When OsPP2C30 was co-transfected with SAPK2, OREB1, and ABRE-LUC, reporter activity was abolished in both the absence and presence of ABA (Fig. 7) . This suggests that OsPP2C30 plays a negative role in ABA signalling. However, the induction of the reporter was restored by the additional expression of OsPYL/ RCAR5 in the presence of ABA, but not in the absence of ABA. This suggests that OsPYL/RCAR5 is a positive regulator in ABA signalling. The results imply that the induction of the ABA-dependent reporter gene by OREB1 occurs in the context of ABA signalling via OsPYL/ RCAR5, OsPP2C30, SAPK2, and OREB1. This is the first report to elucidate the minimal unit for the regulation of ABA-dependent gene expression in the context of rice ABA signalling. 
Discussion
Recently, the cellular ABA receptors, PYR/RCARs, were discovered in Arabidopsis. Thus, it has become an important issue to determine the function and molecular mechanisms of the ABA receptors in monocots. In this study, these questions were addressed using a rice system. Rice PYL/ RCAR orthologues were identified based on amino acid sequence similarity, and it was demonstrated that OsPYL/ RCAR5 might be a functional ABA receptor, with mechanisms similar to Arabidopsis PYL/RCARs in terms of ABAdependent interaction with PP2Cs and the ABA-hypersensitive phenotype of transgenic plants that overexpress the gene. A minimal unit of the ABA signalling pathway in rice was also demonstrated by identifying the hierarchy and subcellular localization of interacting signalling components and reconstituting them in Arabidopsis protoplasts.
The signalling components for ABA-dependent transcriptional regulation are highly conserved in rice and Arabidopsis
The discovery of the PYL/RCAR gene family as ABA receptors provided a complete context beginning from ABA sensing, through signal transduction, and to the resultant gene expression Park et al., 2009; Santiago et al., 2009a) . After the discovery of Arabidopsis PYL/ RCAR, orthologues of these genes were identified in genomes ranging from mosses to crops. Other ABA signalling components such as PP2Cs and SnRK2s are also conserved from mosses to flowering plants, although the green alga Chlamydomonas reinhardtii does not have them. This suggests that ABA signalling components may have arisen as plants evolved from aquatic organisms to terrestrial organisms (Klingler et al., 2010; Umezawa et al., 2010) . There appear to be 13 orthologues of PYL/RCAR, 10 PP2Cs, 10 SnRK2s, and 11 ABF-like bZIP transcription factors in rice (see Supplementary Figs S1, S2, and S4 at JXB online). The number of the members in each of the subgroups is also quite similar in Arabidopsis and rice. These ABA signalling components are conserved in terms of functional mechanisms, as well as amino acid sequences, among plant species. Beechnut FsPP2C1 was shown to interact with Arabidopsis PYL8/RCAR3, and Arabidopsis plants overexpressing the gene showed an ABA-insensitive phenotype, thereby suggesting that FsPP2C1 can function as a negative regulator of ABA signalling in Arabidopsis. These results demonstrate that FsPP2C1 can function through interaction with AtPYL/RCAR, even in different species (Gonzalez-Garcia et al., 2003; Saavedra et al., 2010) . FsPP2C1 is placed in the same subgroup with OsPP2C30 and AtAHG3, and OsPYL/RCAR5 is a member of the same subgroup as PYL8/RCAR3. The phenotype of Arabidopsis seeds overexpressing PYL8/RCAR3 was quite similar to that observed in the OsPYL/RCAR5-overexpressing transgenic rice lines in terms of seed germination and early seedling growth. Furthermore, the nuclear localization of the OsPYL/RCAR5-OsPP2C30 complex is the same as that of the beechnut FsPP2C1-PYL8/RCAR3 complex, and is particularly striking compared with the ABI1-RCAR1 complex localized within the cytosol and nucleus Saavedra et al., 2010) . Taken together, OsPYL/RCAR5 and PYL8/RCAR3 may perform the same biological functions in seed germination and early seedling growth along with FsPP2C1, OsPP2C30, and AHG3 in Arabidopsis, beechnut, and rice, respectively. It was also demonstrated that the PYL/ RCAR, PP2CA, SnRK2, and bZIP transcription factors were the minimal components for the regulation of the ABAdependent gene expression via the reconstitution of the components in the Arabidopsis protoplast (Fujii et al., 2009) . In this study, OsPYL/RCAR5, OsPP2C30, SAPK2, and OREB1 were also reconstituted in Arabidopsis protoplasts, and those components are a minimal functional unit for ABA sensing, ABA signal transduction, and the activation of ABRE-dependent transcription in rice. Thus, it appears likely that the ABA signal transduction pathway mediated by PYL/ RCAR and PP2C is highly conserved in Arabidopsis and rice in terms of biological function, sequence, and functional mechanisms.
SnRK2 subclass II members could regulate ABAresponsive gene expression mediated by OREB1 in rice SnRK2s are known as the principal positive regulators of ABA and osmotic stress in Arabidopsis and rice. This kinase family consists of 10 genes classified into three subclasses in rice and Arabidopsis (Kobayashi et al., 2004) . Members of SnRK2 subclasses II and III showed kinase activity in Arabidopsis under ABA and osmotic stress conditions. In particular, subclass III SnRK2s, including OST1/SnRK2.6, are known as the principal regulators of ABA-dependent signal transduction (Boudsocq et al., 2004) . In contrast to Arabidopsis, only SnRK2 subclass III members, SAPK 8, 9, and 10, have been shown to be activated by ABA in rice, and subclass II and I members are activated only by osmotic and salt stress (Kobayashi et al., 2004) . However, several reports have indicated that SnRK2 subclass I or II members could be involved in ABA-dependent gene expression through OREB1. It was reported that SAPK4 interacts with OREB1 in yeast and plants, and that OSRK1/SAPK6 can phosphorylate OREB1 under in vitro conditions (Chae et al., 2007; Ding et al., 2009; Hong et al., 2011) . Another report revealed that wheat PKABA1, a member of SnRK2 subclass II, interacts with and phosphorylates TaABF, a homologue of OREB1 (Johnson et al., 2002; Kobayashi et al., 2005) .
In the present study, SAPK2, a member of SnRK2 subclass II, was shown to be able to activate OREB1 to induce the ABA-dependent gene expression of the reporter luciferase fused to ABRE. This activation is much stronger than that of the SnRK2 subclass I members. Co-transfection of OsPP2C30 with SAPK2 diminished reporter gene expression, and the addition of OsPYL/RCAR5 induced its recovery, depending on ABA. These results indicate that members of SnRK2 subclass II, as well as members of SnRK2 subclass III, are involved in the regulation of ABAdependent gene expression via the ABA signal transduction pathway mediated by OsPYL/RCARs and PP2Cs in rice.
Complexes of ABA signalling components are functional in the nucleus
OsPP2C30 was localized to the nucleus and its complexes were also localized to the nucleus, even if the interacting partners were not exclusively localized within the nucleus. This indicates that the complexes consisting of OsPP2C30 and its interacting partners, SAPK2 and OsPYL/RCAR5, are functional in the nucleus, where they can function in regulating ABA-dependent gene expression (Fig. 8) . OsPP2C30 and several members of the clade A OsPP2C family have putative nuclear localization sequences (NLSs) different from those of the clade A PP2C of Arabidopsis. However, other components, including OsPYL/RCAR5 and SAPK2, do not have NLSs and are localized in both the cytosol and the nucleus. Thus, it appears likely that OsPP2C30 determines the nuclear localization of the complex. This result indicates that OsPYL/RCAR5 may function as a nuclear ABA receptor in the regulation of gene expression mediated by OsPP2C30 . In Arabidopsis, HAB1, a member of the clade A PP2C family, regulates gene expression via chromatin remodelling through direct interaction with SWI1, a homologue of the yeast SWI3 subunit of SWI/SNF chromatinremodelling complexes in the nuclei (Saez et al., 2008) . Although only a few PP2Cs, including FsPP2C1 and the mitogen-activated protein kinase (MAPK) phosphatase PP2C5, have been reported to perform roles in the nucleus in plants, several phosphatases are known to be involved in the regulation of nuclear processes including gene transcription, RNA processing, and DNA damage processing in other eukaryote systems (Moorhead et al., 2007; Brock et al., 2010; Saavedra et al., 2010) . Thus, it is supposed that OsPP2C30 might function in ABA signalling via other mechanisms, including chromatin remodelling and ABRE-dependent gene expression regulation. This study demonstrated that the ABA signal transduction pathway involving the clade A PP2Cs and the ABA receptors is highly conserved in terms of components and functional mechanisms in monocot and dicot plants. This study will provide useful information for stress-tolerant crop development via the manipulation of the ABA signal transduction pathway.
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